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Abstract 
Discs of (pure nickel 15mm diameter and 4mm thickness) have been polished to a 1µm 
finish, aluminised using a standard pack CVD process to give a β-NiAl coating and then 
the surface of this coating polished to a 1µm finish again.  Samples have then been 
isothermally oxidised in a muffle furnace for 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 and 
1024 hours at 950°C, and subjected to surface and cross – sectional microscopy and 
analysis.  Scales were also cross – sectioned and imaged using Focused Ion Beam 
Milling.  The oxidation rate was determined to be 2.6x10-13 g2 cm-4 s-1 and for times less 
than 512 hours the predominant alumina phase was θ alumina.  Al depletion effects were 
observed due to both oxidation and interdiffusion between the Ni substrate and the NiAl 
coating. Using these effects, it has been shown that tensile strains of up to 9% can arise 
and these strains readily explain the formation of intrefacial elliptical pores observed by 
FIB cross sectioning.  FIB sectioning also indicated that different coating grains exhibit 
different oxide – coating interfaces which arise due to different grain orientations.  The 
faceting of the coating – oxide interface and the development of cuboidal faceted coating 
structures beneath spalled oxide is thought to be due to substructure development (sub-
grain development or recrystallisation) arising from the plastic strains generated by Al 
depletion effects.  
 Introduction 
The oxidation of NiAl coatings and Pt modified NiAl coatings is frequently accompanied 
by the formation of subscale voids [1, 2].  Furthermore, beneath spalled regions faceted 
intrusions into the coatings can also be observed [3, 4].  In addition, Al depletion effects 
due to oxidation and interdiffusion effects between coatings and substrate induce strains 
of sufficient magnitude for void formation [2].  In order to investigate these effects more 
readily, it is useful to work with a model system such that irregularities induced by 
second phases e.g. σ - phase, α-Cr precipitates and / or substituted NiAl and Ni3Al with 
non standard unit cell sizes can be avoided.  This investigation thus studies the rates of 
alumina formation, Al depletion in the coating and related transformations of a NiAl 
coating formed on a pure nickel substrate, such that standardised data could be used in 
explaining the observations made.  In particular, Focused Ion Beam milling was 
employed in order to acquire damage free oxide – coating cross sections and determine 
the morphology of the alumina – coating interface and to investigate the development of 
porosity at this interface.    
 
Experimental Procedure 
An as-drawn 99.99% pure Ni 15 mm diameter rod was used as the substrate material for 
this study. Disks of approximately 4 mm thickness were sliced from these rods, polished 
to a 1 µm finish and subsequently coated by an industrial coating route by Lufthansa 
Shannon Turbine Technology.  The processing route was designed to give a one step 
single phase β-NiAl diffusion coating. Coated samples were isothermally exposed in a 
muffle furnace for 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024hr at 950°C. Specimens were 
placed in cylindrical quartz crucibles in order to collect spalled oxide and prevent any 
mechanical damage occurring during specimen handling. After exposure, samples were 
weighed with an electronic balance, to an accuracy of 5 x10-5g. The specific mass gain 
average data quoted in the results were obtained from duplicate specimens. 
 
Coated and oxidised specimens were surface analysed using X-ray diffraction (XRD), 
(Philips X`Pert XRD system) with Ni filtered Cu-Kα radiation (λ=1.54056nm).  
Diffractograms were obtained over a 2θ range of 20-90° with a scan speed of 0.005°2θs1. 
Using the data provided by XRD, phases present in the surface layers were identified. 
Surfaces and cross sections of both as-coated and oxidised samples were examined using 
a JOEL JSM-840 scanning electron microscope equipped with a Princeton Gamma-Tech 
(PGT) energy analysis dispersive X-ray (EDS) system.  The latter was used carry out 
chemical analysis of the different phases present in cross sections which had been 
metallographically prepared to a 1µm finish. Concentration profiles through the coatings 
and into the substrate were developed from analytical results obtained at 4 µm steps 
through the Ni-coating system. All EDS spectra were collected at 20kV, using a beam 
current of 0.26nA and a working distance of 39mm fixed by means of an optical 
microscope. 
 
A focused ion beam milling microscope (FEI 200) was used to obtain damage free oxide 
cross sections. In situ cross-section analysis of oxidised specimens was performed by 
applying a platinum strip across the particle of interest before cross-sectioning was 
performed by a gallium ion beam. The length of the strip was around 20µm and around 
2µm in width. For typical cross-section analysis, a crater (approximately 20µm in width 
and approximately 6µm in depth) was milled in the sample and surface imaging 
performed on the original vertical wall of the crater after tilting to 45°C. This sectioning 
technique allows micron size features (grains, pores, precipitates etc.), located within 
≈6µm of the surface, to be viewed with minimal damage induced during sectioning. 
 
Results 
As-coated coupons 
The microstructure of an as-coated nickel substrate is shown in Figure 1. The grain 
structure apparent in Figure 1 arises due to grain boundary regions being delineated by 
grain boundary ridges.  These form due to enhanced Ni diffusion along grain boundaries 
during the coating process.  It is seen from Figure 1 that there is a large variation in 
coating grain size from 50 to 200µm.  The thickness of the coating was approximately 
50µm, comprising a 45µm thick outer β-NiAl layer  with a unit cell parameter of 0.288 
nm  and a 5µm diffusion layer.  
 
Oxidation kinetics 
The specific weight gain characteristics for the isothermal oxidation β-NiAl coated nickel 
substrate at 950°C for times up to 1024hr are presented in Figure 2. The parabolic rate 
constant determined from Figure 2 was 2.69×10−13 g2 cm−4 s−1. 
 
Surface morphology after isothermal exposure.  
Figure 3(a-d) illustrates typical morphology of the surface scale formed on β-NiAl coated 
nickel substrate after isothermal exposure at 950°C. During the initial oxidation the Al2O3 
scales on coating showed the commonly observed oxide ridges or the so-called "lace – 
like surface topography" (see Figure 3(a-b)).  After 64 hr platelets of θ-Al2O3 were 
densely formed on the surfaces of the specimens and no longer could the lace – like 
topography be clearly observed.  The platelets could be thought to arise from the phase 
transformation of the metastable θ-Al2O3 to the stable α-Al2O3 formation after such 
prolonged exposure.  However, X-ray analysis did not endorse this, showing only 
reflections for θ-Al2O3.  α-Al2O3 was not observed to be the most prominent oxide phase 
until 512 hours exposure. 
 
There was substantial evidence of reduced scale adherence after 256 hr (see Figure. 4(a-
b)). The large number of voids limited the contact between the scale and the coating 
surface and almost certainly contributing to the spallation of the oxide scale. Looking 
more closely at the morphology of the voids in Figure 4(b) the voids display faceted 
features on the spalled surface. In the bottom right of Figure 4(b) a voids with terraced 
morphologies can be observed.  FIB cross section images of oxides (Figure 5) showed 
various features.  Figure 5(a) shows a cross section across a coating grain boundary with 
spalling on one of the grain and voiding beneath the oxide on the adjacent grain on the 
specimen oxidised for 8 hours.  The voiding which is close to the oxide – NiAl interface 
is eliptical in form.  Figure 5(b) shows an adherent oxide formed on the 16 hour specimen 
which contains two voids.  An undulating but faceted oxide – NiAl interface can also be 
observed.  Two different morphologies were observed for specimens oxidised for 32 
hours.  Figure 5(c) shows a cross section through the oxide formed in the centre of a large 
pre-existing coating grain and it is reasonably clear that the oxide – NiAl interface is 
relatively smooth, albeit with facets and metallic protrusions in the scale.  When a 
different oxide region, that formed on a fine pre-existing coating grain was imaged 
(Figure 5(d)) then the interface is quite undulating and faceted with facet shapes very 
similar to the spalled regions shown in Figure 5(a).  However, no clear evidence of prior 
spallation was observed prior to sectioning and the scale thickness is consistent with that 
measured in non-spalled regions on metallographic sections.  The oxide is fully in contact 
with the NiAl and adherent in this region. 
 
Aluminium depletion effects 
Figure 6 shows the variation in Al content with root time for the exterior 16 µm of the 
coatings as measured by EDS.  It is seen that there is a good straight line correlation 
indicating diffusion controlled depletion effects.  From the Ni-Al phase diagram, the 
minimum Al content for β-NiAl at 950ºC is 38 at. % and thus, after about 2 hours 
exposure, the phase assemblage of this outer region changes from β-NiAl to β-NiAl plus 
γ’ Ni3Al.  These transformations were also recorded by X-ray diffraction.  After 256 
hours, the phase assemblage was γ’ + γ.  Etched cross sections of coatings on oxidised 
samples showed no evidence of martensite.  
 
Discussion 
The parabolic correlation for the oxidation of the Ni-Al coating is indicative of diffusion 
controlled oxidation and this is consistent with the mechanism for the formation of θ - 
alumina scales formulated by Pint et al. [5].  The development of scale topography is also 
in agreement with microstructures presented by Pint et al. [5] which show a ridge like 
morphology for oxidation times less than 64 hours.  Comparison of the ridge - like oxide 
structure is significantly different in scale to the coating grain size and accordingly it 
appears that the oxide ridges result from other coating microstructural features.   
 
Of particular interest from the results is the development of either elliptical voids at the 
NiAl – oxide interface or an undulating faceted oxide – NiAl interface with similar 
characteristics as cross sections through spalled regions.  Whilst the voids may arise from 
Kirkendal effects as indicated by Grabke [1], several experiments on the oxidation of 
polycrystalline NiAl coatings failed to indicate concentration profiles similar to those 
reported by Grabke [1] for single crystal NiAl.  However, as Suo et al [2] have clearly 
demonstrated theoretically, significant tensile strains can develop as a result of Al 
depletion during oxidation.  To evaluate the volumetric strains arising in the exterior 16 
µm of the coating, the effect of Al consumption by oxidation on the average Al 
concentration in this outer region was evaluated.  Subsequently, the density of the 
resulting composition was determined from correlations between densities for 
stoichiometric NiAl and 58 Ni: 42 Al recorded in JCPDS files as well as that for γ’ and 
pure Ni .  The correlation is given in Figure 7, as is a correlation for molar volume 
determined using the expression:  
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  where x represents atomic fraction, M atomic weight and ρ density.  Comparing molar 
volumes for compositions other than 50 : 50 Ni : Al with that for the 50 : 50 composition 
allows volumetric strains to be evaluated and these are also shown in Figure 7.  These 
analyses are based on the ideas presented by Tolpygo & Clarke [6] to account for the 
surface rumpling of a Pt modified NiAl bondcoat.  
 
Using the data for oxidation weight gain, the weight of Al used to form the scale was 
subtracted from the amount in the coating at time zero and the resulting Ni and Al 
contents calculated for a 16 µm thick sub – oxide coating thickness, assuming that no Ni 
diffusion toward the substrate occurred.  From this data the correlations developed in 
Figure 7 were used to evaluate corresponding volumetric strains.  The same exercise was 
effected for the Al depletion data shown in Figure 6 and the corresponding Ni contents.  
Figure 8 shows the corresponding volumetric strains which are negative and thus relate to 
tensile strains.  It is seen that for the data for Al loss due to oxidation alone then 
volumetric strains arising in an outer coating thickness of 16µm were -0.2% after 4 hours 
rising to -1.9% after 128 hours oxidation.  Both strain levels would be expected to induce 
plastic effects.  For the EDS derived data volumetric strains of -0.6% arise after 1 hour, -
2.2% after 4 hours and -6.1% after 128 hours. 
 
The above calculations for volumetric strains, developed either solely due to Al depletion 
due to oxidation or to oxidation and interdiffusion, are significant and tensile.  Because of 
this, the elliptical voiding observed is almost certain to result from sub-scale plastic 
deformation.  This is also particularly likely, since the FIB images clearly show that the 
alumina is completely attached to the Ni-Al coating rather than a planar scale formed 
above a voided aluminium reservoir with aluminium being supplied to the scale 
underside via vapour transport which has been shown to occur at higher temperatures [1, 
2, 4, 7]. 
 
The nature of the interfaces between the coating and the alumina scale observed by FIB 
cross section imaging appear to be related to grain orientation.  Thus, as shown in Figure 
5(a) adjacent grains have different oxide – coating interfaces, albeit that one grain has 
lost its oxide covering and, as shown in Figures 5(c) and 5(d) relatively flat or faceted 
interfaces can arise in sections through oxides formed on different grains, presumably 
with different orientations.  Poquillon [4] has investigated oxide formation and spallation 
on (100) and (110) faces of NiAl and observed that the former oxidised slightly more 
rapidly.  Furthermore, it is evident from micrographs presented that rehealing of 
disrupted scales on (100) occurs more readily than on (110).  These observations tend to 
suggest that Al diffusion in the [100] direction is more rapid than in the [110] direction  
and these effects generate different oxide – coating interfacial morphologies.   
 
The faceted interfacial structures (Figures 5(a), (b) and (d)) and indeed surface void 
structures observed (Figure 4(a)) are clearly on a much smaller scale than the 50 to 
200µm grain size evident in the coating from surface and etched cross - section analysis.  
Accordingly, sub structures such as sub-grain structures or even recrystallised structures 
would be required to explain the scale of faceting observed.  The significant plastic 
strains arising from Al depletion effects would certainly provide impetus for such 
microstructural change and thus the development of sub – grain or recrystallised 
microstructures could well result.  These sub – structure effects may also explain the lace 
– like development of the oxide in the early stages of oxidation.  However, much more 
work needs to be done to elucidate the detailed development of sub - scale coating 
microstructure before firmer conclusions can be made.    
 
Conclusions 
1. The oxidation of a NiAl coating on a pure Ni substrate occur via a diffusion 
controlled process and produces a ridged scale morphology which flattens with time. 
2. The development of elliptical shaped pores at the oxide scale interface arises from 
volumetric tensile strains developed within sub-scale regions of the coating.  These 
result from volume changes associated with Al depletion effects arising from 
oxidation and coating – substrate interdiffusion effects. 
3. Different oxide – coating interfacial morphologies arise due to different coating grain 
orientations. 
4. It is most likely that faceted interfacial morphologies and indeed surface void 
morphologies arise from the development of sub-grain structures or recrytallisation 
structures. 
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Figure captions 
 
Figure 1 Surface topography of coated specimen (bar = 200µm). 
 
Figure 2 Specific weight gain – time data for oxidation of β−NiAl coating on pure Ni at 
950°C in air. 
 
Figure 3 Devlopment of the oxide surface morphology with time (a) 1 hr, (b) 4 hr, (c) 64 
hr, (d) 256hr on polished surface of β−NiAl at 950°C. (Marker = 3µm). 
 
Figure 4 Secondary electron image of the coating surface exposed by scale spallation 
after 256 hr (a) Marker = 20µm, (b) Marker = 5µm. 
 
Figure 5 Focused Ion Beam milled cross sections through oxide after (a) 8 hours, (b) 16 
hours (c) 32 hours (coarse grained area of coating), 32 hours (fine grained area of 
coating). 
 
Figure 6 Aluminium depletion effects in exterior 16 µm of coating. 
 
Figure 7 Density, molar volume – Al content correlations and volumetric strains with 
respect to 50 Ni: 50 Al composition. 
 
Figure 8 Calculated volumetric strains for effects of Al depletion by oxidation alone and 
by oxidation and coating – substrate interdiffusion. 
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